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Renal potassium channels: Function, regulation and structure. Potassium channels also play an important role in vol-
Many transport functions in renal tubules depend on potassium ume regulation of tubule cells, particularly during the
(K) channels. Not only does K secretion and the maintenance volume-regulatory decrease after exposure of tubule cellsof external K balance depend on K channel activity in principal
to a hypotonic environment or following enhanced entrytubule cells, but K channels also regulate cell volume; they are
an integral party of cell function in all tubule cells because of of solutes and fluid [8]. Stretch-activated K channels along
their key role in the generation of the cell-negative electrical the nephron have been identified in both apical and
potential that affects the transmembrane movement of many basolateral membranes [4]. Changes in cell calcium can
charged solutes. Moreover, the recycling of K across the apical
be involved in mediating activation of a subgroup ofmembrane of the thick ascending limb (TAL) plays an impor-
apical stretch-activated K channels during exposure totant role in the control of NaCl reabsorption in this tubule seg-
ment. Significant progress in our understanding of the structure a hypotonic extracellular environment [9].
and function of renal K channels has become possible by com- Potassium secretion in the thick ascending limb (TAL)
bining several strategies. These include transport studies in
of Henle and in principal tubule cells of the initial andsingle tubules, application of the patch-clamp technique for
cortical collecting duct (CCD) also depends on K chan-exploring the properties of single K channels in native tubules
and the cloning, and expression of diverse K channels of renal nels in the apical membrane [4, 10]. The role of secretory
origin. Insights from these investigations promise to provide a K channels in these two nephron segments differs: Whereas
deeper understanding of the mechanism by which K channels a large fraction of K secreted in the TAL through apicalparticipate in many diverse tubule functions.
K channels recycles across the apical Na-2Cl K cotrans-
porter, K secretion via apical K channels in the initial
and CCDs is the main source of urinary K excretion.Potassium (K) channels serve a broad spectrum of
Apical K channels in the initial and CCDs are thus keyfunctions in renal tubule cells. The introduction of patch-
elements in the regulation of external K balance.clamp techniques and advances in cloning efforts have
led to new insights into the mechanisms by which specific
tubule segments regulate and control potassium move- FUNCTION AND REGULATION OF
ment across the apical and basolateral membranes. More- K CHANNELS ALONG THE
over, the elucidation of the structure of adenosine 5-tri- NEPHRON PROXIMAL TUBULE
phosphate (ATP)-regulated renal K channels has provided
Figure 1 provides information on K channel functionsnew information regarding the pathophysiological mech-
in proximal tubule cells. The cell model includes an elec-anism underlying Bartter’s syndrome [1–5].
trogenic Na,K-ATPase and electroneutral KCl cotrans-One of the fundamental functions of renal K channels
porter and K channels in both apical and basolateralis their role in generating the cell-negative potential that
membranes. Apical K channels are distinguished by lowprovides one of the main driving forces for the passive
open probability under normal physiological conditionsmovement of charged solutes and carrier molecules
but have been shown to become active during cell vol-across the apical and basolateral membranes of tubule
ume expansion, membrane depolarization, and an in-cells. Representative examples are the effects of poten-
crease in cytosolic Ca concentration [1, 2, 4, 11, 12]. Thetial changes on channel-mediated sodium (Na) entry into
apical K channels have a relatively high single channelcollecting duct cells, electrogenic glucose, and amino acid
conductance and are thought to be involved in volumetransport across brush border membranes of proximal
cells and basolateral Na-HCO3 cotransport and calcium regulation and stabilization of the apical potential under
(Ca)-Na exchange [6, 7]. conditions that tend to depolarize proximal cells, for
instance, during enhanced electrogenic cotransport in-
volving sodium-dependent organic solute transport [13].Key words: transport, K channels, Bartter’s syndrome, volume regula-
tion, cell-negative potential, thick ascending limb of Henle’s loop. Several K channels have been identified in the basolat-
eral membrane. These K channels are not only responsible 2001 by the International Society of Nephrology
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Fig. 1. Model of proximal tubule cell. (A) Lo-
calization of major transporters relevant to K
transport. (B) Factors regulating apical and
basolateral K channels.
for the generation of the cell-negative potential [14–18], dia lose taurine, thus opening K channels and promoting
but their sensitivity to the inhibitory action of cytosolic solute loss. Cyclic GMP has also been shown to decrease
ATP, taurine, and cyclic guanosine monophosphate the basolateral K conductance and has been postulated
(cGMP) has implicated them in several functions. Inhibi- to be involved in mediating the inhibitory effect of atrial
tion of basolateral K channels by ATP is thought to play a natriuretic peptides [17]. As most K channels in the kid-
central role in the tight coupling between Na,K-ATPase ney, basolateral K channels are also inhibited by low-
activity and K conductance [16, 19, 20]. Representative ering cell pH [21], and they share with apical K channels
examples include experiments showing that an increase sensitivity to membrane stretch or volume expansion.
in apical sodium entry lowers cell ATP and relieves chan- Both maneuvers increase channel activity [8].
nel block, whereas inhibition of net sodium transport has
the opposite effect. The discovery of a taurine-sensitive
THICK ASCENDING LIMB OF HENLE’S LOOPsubfamily of K channels has led to the idea that these
Figure 2 summarizes the distribution of K channels inchannels are involved in volume regulation of proximal
tubule cells [18] because cells exposed to hypotonic me- the apical and basolateral membranes. Additional trans-
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Fig. 2. Model of tubule cell in the thick as-
cending limb of Henle. Included are main
transporters involved in K movement.
porters include the electroneutral Na-2Cl-K cotransport but it can be safely assumed that it plays a key role in the
generation of the cell-negative potential. The chloridemechanism in the apical membrane and several transport
pathways in the basolateral membrane, such as the Na, channel in the basolateral membrane is important for
the function of the TAL [22]. In conjunction with anK-ATPase, a KCl cotransporter, and both K and chloride
(Cl) channels [10, 22]. Two K channels of relatively low inwardly-directed chloride concentration gradient, it is
responsible for lowering the membrane potential belowand intermediate channel conductance have been identi-
fied in the apical membrane [23–25]. Both have high open the diffusion potential of K, and thus contributes to the
asymmetry of the apical and basolateral membrane po-probability and are responsible for extensive recycling of
K ions across the apical membrane, a process that sup- tentials [10, 22].
Figure 3 provides an overview of the complex andplies K ions for the apical NaCl carrier. Several maneu-
vers have shown that changes in the activity of these two interactive factors that have been identified to regulate
K channels in the TAL. The upper panel includes infor-K channels modulate the rate of NaCl transport.
Apical K channels are also involved in the generation mation on the apical low-conductance channel. Informa-
tion on the intermediate and large-conductance K chan-of the lumen-positive potential [10, 22]. Inasmuch as the
paracellular pathway has significant permeabilities for nels is shown in the lower panel. It should be noted
that the small conductance (35 pS) channel shares manyseveral cations, including Na, K, Ca, and Mg, the positive
potential provides an important driving force for the re- properties with an analogue channel in the apical mem-
brane of principal cells [1–3, 6, 7, 29]. Because of its highabsorption of these ions [4, 26]. Thus, inhibition of K chan-
nels in the apical membrane inhibits reabsorption of a open probability and larger single channel conductance,
it is the 70 pS channel that contributes approximatelysignificant fraction of Na, K, Ca, and Mg that is delivered
into the TAL. two thirds to the apical K conductance.
Inspection of Figure 3 shows that the apical K channelsThe large-conductance K channel in the apical mem-
brane has a very low open probability, and under physio- are regulated by changes in cell metabolism, the concen-
tration of ATP, pH, kinases related to phosphorylationlogical conditions, it contributes only a small fraction to
the apical K conductance [27]. It is likely that this channel [protein kinase A (PKA), protein kinase C (PKC)], cell
messengers such as nitric oxide (NO), Ca, arachidonicparticipates in volume regulation and that its activation
during cell swelling mediates the release of K and resto- acid, 20 HETE, prostaglandin E2 (PGE2), and angioten-
sin II. The inhibitory effects of changes in extracellularration of cell volume.
Inspection of Figure 2 indicates the presence of a K chan- Ca on K channel activity are mediated by activation of
basolateral Ca receptors that have been identified in thenel in the basolateral cell membrane [28]. The properties
of this K channel have not been extensively explored, TAL [30]. Suppression of K channels in hypercalcemia is
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Fig. 3. (A) Control of low conductance K
channel. (B) Control of intermediate and large
conductance K channel. Note the important
paracellular pathway for cation reabsorption.
Such ion movement is driven by the lumen-
positive potential.
expected to diminish apical recycling of K and to reduce by ATP involves stimulation of purinergic receptors in
the apical membrane and subsequent activation of mem-NaCl reabsorption. Activation of apical K channels by
cyclic adenosine monophosphate (cAMP) is thought to brane-bound phosphatases via a cGMP-dependent mech-
anism. Protein kinase C activation blocks channel activ-be responsible for stimulation of K channels by vasopres-
sin. Cell messengers and cell metabolites such as ATP, ity. This effect is Ca-dependent and thus provides an
additional mechanism by which a rise in cell Ca dimin-NO, Ca, and CO have been postulated to coordinate
the activities of the apical Na-2Cl-K cotransporter with ishes recycling of K. Finally, low-conductance K channels
have been shown to increase their activity when exposedapical recycling of K [2–4, 31].
The effects of ATP on the activity of apical K channels to phosphatidylinositol 4,5 biphosphate (PIP2; Lu and
Giebisch, unpublished data). In contrast to the inhibitoryare complex. Low, sub-mmol/L ATP in the cytosol is
necessary for channel phosphorylation and stimulation. effects of Ca on the intermediate-conductance K chan-
nel, an increase in cell Ca can stimulate the large-conduc-In contrast, mmol/L ATP inhibits K channels [32]. Re-
cently, it has been shown that extracellular, luminal ATP tance K channel [34]. At high calcium concentrations,
these channels are insensitive to changes in pH that blockalso blocks channel activity [33]. This type of inhibition
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Fig. 4. Model of principal tubule cell. Note the lumen-negative potential and the presence of sodium channels in the apical membrane. The latter
play an important part in K transport by (1) providing substrate for the basolateral Na,K-ATPase and (2) by depolarizing the apical membrane.
the low- and intermediate-conductance K channels, and ment into either the lumen or the basolateral fluid. Recy-
they also are not inhibited by ATP [24]. cling across the basolateral membrane is under baseline
conditions modest because the K equilibrium potential
is fairly close to the membrane potential. In addition toCORTICAL COLLECTING TUBULE
determining the magnitude of the cell-negative potential,
Figure 4 shows a cell model of a principal tubule cell basolateral K channels may also permit K to enter the
and includes transporters that are involved in K secretion cell passively from the peritubular fluid. This occurs
[1, 4, 6, 7]. Two K channels have been identified in the when K secretion is maximally stimulated, for instance,
apical membrane: a low-conductance channel with a mean
by chronic administration of mineralocorticoids whenconductance of 35 pS and a large-conductance channel
the membrane potential reaches such high levels thatwith single channel conductance greater than 100 pS
exceed the K equilibrium potential [43, 44].[35–40]. Several K channels with a fairly wide range of
Potassium channels in the basolateral membrane havesingle channel conductances have been identified in the
also been implicated to play a role in K reabsorption inbasolateral membrane [41, 42]. Also included in Figure 4
intercalated cells, and the balance between apical andis an apical sodium channel that plays a major role in
basolateral K channel activity determines the effective-determining K secretion by virtue of its influence on the
ness by which apical K-H-ATPase turnover effects netapical membrane potential.
reabsorption of K [45, 46]. It has been proposed that in-Secretion of potassium in principal cells is initiated by
creased basolateral K channel activity would allow K ionsactive uptake of K through Na,K-ATPase activity and
to leave intercalated cells across the basolateral mem-followed by passive diffusion from cell to tubule lumen
brane in states of hypokalemia. In contrast, in normo-along a favorable electrochemical gradient [1]. Given
kalemic and hyperkalemic conditions, net K reabsorp-the presence of K channels in the basolateral membrane,
net secretion depends on the regulated passive move- tion would be rendered ineffective by low basolateral
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Fig. 5. Control of low and high conductance K channel in the apical membrane. (A) Control of apical low and high conductance K channels. (B)
Control of basolateral K channels.
K channel activity associated with extensive recycling of mon to both the low-conductance channel in the TAL
and the apical membrane of principal cells is their sensi-K across the apical membrane. The open probability of
apical large-conductance K channels in both principal tivity to inhibition by a low concentration of extracellular
ATP, a response that can be demonstrated to be medi-and intercalated cells is low (Fig. 4) [47]. This K channel
is thought to be activated by cell swelling [37], but it is ated by purinergic receptors in the apical membrane [57].
The activity of the low-conductance K channel is alsounlikely to mediate K secretion under normal conditions
because of its low open probability. Indirect evidence dependent on K intake. Channel activity declines upon
reduction of dietary K intake, whereas K loading hasstrongly suggests that its activity increases with enhanced
fluid delivery. The large-conductance K channel may the opposite effect [3, 39, 58–61]. Since the resting open
probability of apical K channels is very high, the effectsthus be involved in mediating the well-established, flow-
dependent stimulation of K secretion that has been ob- of dietary changes are almost completely mediated by
alterations in channel density. The acute effects are notserved in both the initial and CCD [48, 49]. Large con-
ductance K channels have also been identified to mediate caused by changes in the circulating level of aldosterone,
but the full enhancement of channel density over pro-K secretion in amphibian collecting tubules [50, 51].
Figure 5 provides an overview of the factors modulat- longed time periods appears to depend on the permissive
role of elevated aldosterone concentrations typical ofing K channel activity in principal tubule cells. The left
panel focuses on apical channels, whereas the right panel hyperkalemia. Recent strong evidence suggests that an
aldosterone-independent mechanism plays a major rolesummarizes information on basolateral channels.
As has been pointed out previously in this article, the in adjusting the apical channel density of principal cells to
changes in K balance [58]. Thus, protein tyrosine kinasebiophysical and physiological properties of the small-
conductance K channel in the apical membrane are quite activity has been observed to be elevated in patches
of K-depleted animals and is responsible for increasedsimilar to those of a channel in the apical membrane of
the TAL. Inspection of Figure 5 shows that many of the retrieval of K channels from the cell surface upon the
reduction of K intake. Whereas tyrosine phosphorylationfactors that modulate the low-conductance channel in
the TAL also affect the activity of the low-conductance enhances endocytosis of K channels, tyrosine dephosphory-
lation stimulates exocytosis. These recent findings stronglychannel in principal cells [1, 3, 6]. Activation of channel
activity is induced by cAMP-dependent phosphorylation support the view that the internalization and insertion
of K channels are regulated by the balance between(ADH effects) [52], cytosolic alkalinization [39], and in-
creased concentrations of PIP2 (Lu and Giebisch, un- tyrosine dephosphorylation and phosphorylation [62].
Low-conductance K channels in principal tubule cellspublished data), whereas PKC, arachidonic acid, high
cytosolic ATP, calcium-calmodulin kinase, low pH, acti- are also dependent on the state of activity of the basolat-
eral Na,K-ATPase. Inhibition of basolateral Na-K activ-vation of dephosphorylation by protein phosphatases,
and protein tyrosine phosphorylation all decrease the ity—for instance, by lowering extracellular K—leads to
a rapid decline of activity of apical K channels, whereasactivity of the K channel [3, 39, 53–56]. A property com-
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an increase in K stimulates the apical K conductance
[63, 64]. The mechanism(s) of such cross-talk between
basolateral and apical membranes may involve changes
in Ca-dependent PKC activity, although other parame-
ters such as alterations in cell ATP and pH have not
been excluded.
Several K channels with different properties have been
identified in the basolateral membrane of principal cells
[3, 4, 41, 65–67]. They differ from apical channels not
only by their single channel conductances but also by
their sensitivity to cAMP, cGMP, NO, and hyperpolar-
ization. They share with apical low-conductance K chan-
nels their sensitivity to inhibition by acid cell pH. Possible
mechanisms coordinating basolateral K channel activity
with Na,K-ATPase activity as well as with apical K and
Na transport have been discussed [3, 4].
CLONED K CHANNELS OF RENAL ORIGIN
The cloning of a K channel (ROMK) that shares many
properties with the low-conductance K channel in the
TAL and in principal cells has led to enhanced insights
into the molecular structure and regulation of renal
K channels. Figure 6A shows the topology of ROMK
[68–70], while Figure 6B summarizes the factors that
have been identified to alter the activity of both native
and cloned channels [24, 59, 71]. The cloned channel
has two membrane-spanning segments flanking a pore-
forming region and cytosolic amino (N) and carboxy (C)
termini [68]. Several isoforms of the channel have been
cloned and localized to the apical membranes of specific
tubule segments of the distal nephron [72, 73].
ROMK channels share almost all properties with na-
tive apical low-conductance K channels in the TAL and
principal cells of CCDs [3, 24, 69]. Common properties
Fig. 6. (A) Topology of ROMK (KIR1.1) K channel. M1 and M2include biophysical characteristics such as magnesium- represent the two membrane-spanning domains characterizing the in-
dependent mild inward rectification, single channel con- ward-rectifier family of potassium channel. Some important functional
sites are indicated. A short amphipathic segment in the M1-M2 linkingductance, open probability, as well as responses to a
segment in ROMK is homologous to the pore-forming [P-loop] or H5
wide variety of factors related to metabolism (nucleo- region of classic voltage-gated Shaker K channels cloned from the
fruit fly. The canonical G-Y-G amino acid sequence found in all Ktides such as ATP, ADP, pH, Ca, PIP2, arachidonic acid
channels is shown in the H5 segment. (B) Summary of factors modulat-and its metabolites, and prostaglandins) [74, 75]. The
ing the function of the low conductance secretory K channel in principal
activity of the cloned channel depends critically on sev- tubule cells.
eral distinct phosphorylation processes, as evidenced by
the demonstrated modulation of channel activity by pro-
tein kinases and protein phosphatases [53, 54, 62, 76].
ROMK also interacts with membrane proteins such asDistinct serine and tyrosines for PKA-, PKC-, and pro-
the cystic fibrosis transmembrane conductance regulatortein tyrosine kinase (PTK)-dependent phosphorylation
(CFTR), the sulfonylurea receptor (SUR), and the ki-have been identified on the amino and carboxy termini
nase anchoring protein AKAP [83]. Coexpression in oo-[3], as well as the molecular sites that confer pH sensitiv-
cytes of CFTR and SUR with ROMK increases the chan-ity to the channel [77, 78]. Changes in cell pH have
nel’s sensitivity to inhibition by glibenclamide [82, 84,also been shown to alter the sensitivity to the inhibitory
85], whereas coexpression of ROMK with ACAP greatlyeffects of ATP [79], and specific mutations of cAMP-
enhances the ability of cAMP to stimulate ROMK [86].dependent phosphorylation sites not only alter the kinet-
The pathophysiological role of apical K channels hasics and number of ROMK [80], but also modulate the
channel’s sensitivity to inhibition by low cell pH [81, 82]. also received attention. Bartter’s syndrome, an electro-
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10. Greger R: Ion transport mechanisms in thick ascending limb oflyte derangement involving salt wasting, hypokalemia,
Henle’s loop of mammalian nephron. Physiol Rev 65:760–797, 1985
metabolic alkalosis, hyperreninemia, and hyperaldoste- 11. Greger R, Go¨gelein H: Role of K conductive pathways in the
nephron. Kidney Int 31:1055–1064, 1987ronism, can be caused by mutations in ROMK [87, 88].
12. Kawahara K: A stretch-activated K channel in the basolateralInasmuch as ROMK channels mediate recycling of K in
membrane of Xenopus kidney proximal tubule cells. Pflu¨gers Arch
the TAL, inactivating mutations diminish the supply of 415:624–629, 1990
13. Ubl J, Murer H, Kolb H-A: Ion channels activated by osmoticK to the Na-2Cl-K cotransporter and at the same time
and mechanical stress in membranes of opossum kidney cells.interfere with the generation of the lumen-positive po-
J Membr Biol 104:223–232, 1988
tential. As a consequence of this transport lesion, large 14. Go¨gelein H: Ion channels in mammalian maximal renal tubules.
Renal Physiol Biochem 13:8–25, 1990fractions of Na, Cl, and K, as well as Ca and Mg escape
15. Go¨gelein H, Greger R: Single channel recordings for basolateralreabsorption and appear in the urine. and apical membranes of renal proximal tubules. Pflu¨gers Arch 401:
In addition to ROMK, several K channels of renal 424–426, 1984
16. Tsuchiya K, Wang W, Giebisch G, Welling PA: ATP is a cou-origin have been cloned. These include voltage- and nu-
pling modulator of parallel Na/K ATPase-K channel activity incleotide-gated K channels [5, 89, 90] as well as two-pore the renal proximal tubule. Proc Natl Acad Sci USA 89:6418–6422,
K channels [5, 89, 91, 92]. Several of these channels have 1992
17. Hirsch JR, Meyer M, Magert HJ, et al: cGMP-dependent andbeen localized to distal tubule cells, but as yet there is
-independent inhibition of a K conductance by natriuretic pep-
insufficient functional information in native tubules to tides: Molecular and functional studies in human proximal tubule
cells. J Am Soc Nephrol 10:472–480, 1999assign them specific transport functions in K transport.
18. Noulin J-F, Brochiero E, Lapointe JY, Laprade R: Two typesTheir widespread expression in tubules is of great inter-
of K channels at the basolateral membrane of proximal tubule:
est, and their study provides an interesting topic for Inhibitory effect of taurine. Am J Physiol 277(2 Pt 2):F290–F297,
1999investigation. Recent purification and cloning efforts of
19. Beck JS, Laprade R, Lapointe J-Y: Coupling between transepi-renal Ca- and volume-sensitive K channels have been
thelial Na transport and basolateral conductance in renal proxi-
also successful [93, 94]. Explorations of this channel’s mal tubule. Am J Physiol 260:117–127, 1994
20. Welling PA: Cross-talk and the role of KATP channels in themolecular properties will advance our insights into the
proximal tubule. Kidney Int 48:1017–1023, 1995mechanisms by which its function is controlled. 21. Ohno-Shosaku T, Kubota T, Yamaguchi Y, Fujimoto M: Regula-
tion of inwardly rectifying K channel by intracellular pH in opos-
sum kidney cells. Pflu¨gers Arch 416:138–143, 1990ACKNOWLEDGMENTS
22. Hebert SC, Andreoli TE: Control of NaCl transport in the thick
I am greatly indebted to Drs. Wenhui Wang and Steve Hebert for ascending limb. Am J Physiol 246:F745–F756, 1984
their substantial contributions to the material presented here. Key 23. Wang W: Two types of K channel in TAL of rat kidney. Am
aspects of this summary of the Forefronts in Nephrology presentation J Physiol 267:F599–F605, 1994
24. Wang W, Hebert SC, Giebisch G: Renal K channels: Structurehave also appeared in a recent review in Acta Physiologica Scandi-
and function. Annu Rev Physiol 59:413–436, 1997anavica.
25. Bleich M, Schlatter E, Greger R: K channel of the thick as-
cending limb of Henle’s loop. Pflu¨gers Arch 415:449–460, 1990Reprint requests to Prof. Gerhard Giebisch, Department of Cellular
26. Schwab A, Oberleithner H: Trans- and paracellular K transportand Molecular Physiology, Yale University School of Medicine, 333
in diluting segment of frog kidney. Pflu¨gers Arch 428:631–640, 1988Cedar Street, New Haven, Connecticut 06520-8026, USA.
27. Guggino SE, Guggino WB, Green N, Sacktor B: Blocking agents
of Ca2-activated K channels in cultured medullary thick ascend-
REFERENCES ing limb cells. Am J Physiol 252:C128–C137, 1987
28. Hurst AM, Duplain M, Lapointe J-Y: Basolateral membrane
1. Giebisch G: Renal potassium transport: Mechanisms and regula- potassium channels in rabbit cortical thick ascending limb. Am
tion. Am J Physiol 274:F817–F833, 1998 J Physiol 263:F262–F267, 1992
2. Giebisch G, Wang W, Hebert SC: ATP-dependent potassium 29. Wang WH: View of K secretion through the apical K channel
channels in the kidney, in Pharmacology of Ionic Channel Function: of cortical collecting duct. Kidney Int 48:1024–1030, 1995
Activators and Inhibitors, edited by Endo M, Kurachi Y, Mishina 30. Riccardi D, Park J, Lee WS, et al: Cloning and functional expres-
M, Berlin, Springer, 2000, pp 243–264 sion of a rat kidney extracellular calcium/polyvalent cation-sensing
3. Wang W-H, Hebert SC: The molecular biology of renal K chan- receptor. Proc Natl Acad Sci USA 92:131–135, 1995
nels, in The Kidney: Physiology and Pathophysiology (3rd ed), 31. Wang W-H, Lu M, Hebert SC: Phospholipase A2 is involved in
edited by Seldin D, Giebisch G, Philadelphia, Lippincott-Raven, mediating the effect of Ca2 on the apical K channels in rat TAL.
2000, pp. 235–250 Am J Physiol 273:F421–F429, 1997
4. Giebisch G: Renal tubule potassium channels: Function, regulation 32. Lu M, Wang W: Two types of K channels are present in the
and structure, in Acta Physiol Scand 170:153–173, 2000 apical membrane of the thick ascending limb of the mouse kidney.
5. Meneton P, Lesage F, Barhanin J: Potassium ATPases, channels Kidney Blood Press Res 23:75–82, 2000
and transporters: An overview. Semin Nephrol 19:438–457, 1999 33. Lu M, MacGregor G, Wang W, Giebisch G: Extracellular ATP
6. Giebisch G: Physiological roles of renal potassium channels. Semin inhibits the small-conductance K channel in the apical membrane
Nephrol 19:458–471, 1999 of the cortical collecting duct from mouse kidney. J Gen Physiol
7. Malnic G, Muto S, Giebisch G: Regulation of potassium excre- 116:299–310, 2000
tion, in The Kidney: Physiology and Pathophysiology (3rd ed), 34. Taniguchi J, Guggino WB: Membrane stretch: A physiological
edited by Seldin D, Giebisch G, Philadelphia, Lippincott-Raven, stimulator of Ca2-activated K channels in thick ascending limb.
2000, pp 1574–1614 Am J Physiol 257:F347–F352, 1989
8. Sackin H: Mechanosensitive channels. Annu Rev Physiol 57:333– 35. Frindt G, Palmer LG: Ca-activated K channels in apical mem-
353, 1995 brane of mammalian CCT, and their role in K secretion. Am
9. Filipovic D, Sackin H: Stretch-activated calcium-currents in renal J Physiol 252:F458–F467, 1987
36. Frindt G, Palmer LG: Low-conductance K channels in apicalproximal tubule. Am J Physiol 160:F119–F129, 1990
Giebisch: K channels444
membrane of rat cortical collecting tubule. Am J Physiol 256:F143– cortical collecting tubule during changes in dietary K intake. Am
J Physiol 277:F805–F812, 1999F151, 1989
62. Moral Z, et al: Regulation of ROMK1 channels by protein tyrosine37. Pacha J, Frindt G, Sackin H, Palmer LG: Apical maxi K channels
kinase and tyrosine phosphatase. J Biol Chem 276:7156–7163, 2001in intercalated cells of CCT. Am J Physiol 261:F696–F705, 1991
63. Wang WH, Geibel J, Giebisch G: Mechanism of apical K channel38. Schlatter E, Lohrmann E, Greger R: Properties of the potassium
modulation in principal renal tubule cells: Effect of inhibition ofconductances of principal cells of rat cortical collecting ducts.
basolateral Na()-K()-ATPase. J Gen Physiol 101:673–694, 1993Pflu¨gers Arch 420:39–45, 1992
64. Muto S, Asano Y, Seldin D, Giebisch G: Basolateral Na pump39. Wang W, Schwab A, Giebisch G: Regulation of small-conduc-
modulates apical Na and K conductances in rabbit cortical col-tance K channel in apical membrane of rat cortical collecting
lecting ducts. Am J Physiol 276:F143–F158, 1999duct. Am J Physiol 259:F494–F502, 1990
65. Lu M, Giebisch G, Wang W: Nitric oxide-induced hyperpolariza-40. Zhou H, Tate SS, Palmer LG: Primary structure and functional
tion stimulates low-conductance Na channel of rat CCD. Amproperties of an epithelial K channel. Am J Physiol 266:C809–C824,
J Physiol 272:F498–F504, 19971994
66. Lu M, Wang W: Protein kinase C stimulates the small-conductance41. Hirsch J, Schlatter E: K channels in the basolateral membrane
K channel in the basolateral membrane of the CCD. Am J Physiolof rat cortical collecting duct. Pflu¨gers Arch 424:470–477, 1993
271:F1045–F1051, 199642. Wang WH, McNicholas CM, Segal AS, Giebisch G: A novel
67. Schlatter E, Haxelmans S, Ankorina I: Correlation betweenapproach allows identification of K channels in the lateral mem-
intracellular activities of Ca2 and Na in rat cortical collectingbrane of rat CCD. Am J Physiol 266:F813–F822, 1994
duct: A possible coupling mechanism between Na-K-ATPase43. Koeppen BM, Giebisch G: Cellular electrophysiology of potassium
and basolateral K conductance. Kidney Blood Press Res 19:24–31,transport in the mammalian cortical collecting tubule. Pflu¨gers
1996Arch 405:143–146, 1985
68. Ho K, Nichols CG, Lederer WJ, et al: Cloning and expression44. O’Neil RG: Aldosterone regulation of sodium and potassium
of an inwardly rectifying ATP-regulated potassium channel. Naturetransport in the cortical collecting tubule. Semin Nephrol 10:365–
362:31–38, 1993374, 1990
69. Hebert SC: An ATP-regulated, inwardly rectifying potassium45. Zhou X, Lynch J, Xia SL, Wingo CS: Activation of H-K-ATPase
channel from rat kidney (ROMK). Kidney Int 48:1010–1016, 1995by CO2 requires a basolateral Ba-sensitive pathway during K
70. Hebert SC: Potassium secretory channels in the kidney, in Princi-restriction. Am J Physiol 279:F153–F160, 2000
ples of Molecular Medicine, edited by Jamison RL, Totowa, NJ,46. Zhou X, Wingo CS: Stimulation of total CO2 flux by 20% CO2 in Humana Press, Inc., 1998, pp 1–12rabbit CCD: role of an apical SCH-28080 and Ba-sensitive mecha-
71. Palmer LG, Choe H, Frindt G: Is the secretory K channel in thenism. Am J Physiol 267:F114–F120, 1994
rat CCT ROMK? Am J Physiol 273:F404–F410, 199747. Hunter M, Lopes AG, Boulpaep E, Giebisch G: Regulation of
72. Lee W-S, Hebert SC: The ROMK inwardly rectifying ATP-sensi-single potassium ion channels from apical membrane of rabbit
tive K channel. I. Expression in rat distal nephron segments. Amcollecting tubule. Am J Physiol 251:F725–F733, 1986
J Physiol 268:F1124–F1131, 199548. Taniguchi J, Imai M: Flow-dependent activation of maxi K chan- 73. Boim MA, Ho K, Shuck ME, et al: The ROMK inwardly rectifyingnels in apical membrane of rabbit collecting tubule. J Membr Biol ATP-sensitive K channel. II. Cloning and intra-renal distribution
164:35–45, 1998 of alternatively spliced forms. Am J Physiol 268:F1132–F1140, 1995
49. Wade CB, Bragin A, Kleyman TR, Satzini LM: Flow-dependent 74. Huang C-L, Feng S, Hilgemann DW: Direct activation of inward
K secretion in the cortical collecting duct is mediated by a maxi-K rectifier potassium channels by PIP2 and its stabilization by G.channel. Am J Physiol-Renal Physiol 49:F786–F793, 2001 Nature 391:803–806, 1998
50. Stoner LC, Morley GE: Effect of basolateral and apical hypoos- 75. Liou H-H, Zhou SS, Huang C-L: Phosphorylation of ROMK1
molarity on apical maxi K channels of everted rat collecting tubule. channel by PKA regulates channel activity via a PIP2-dependent
Am J Physiol 268(4 Pt 2):F569–F580, 1995 mechanism. Proc Natl Acad Sci USA 96:5820–5825, 1999
51. Stoner LC, Viggano SC: Election of basolateral K induces K 76. McNicholas CM, MacGregor G, Islas LD, et al: K channel activ-
secretion by apical maxi-K channels in Ambystoma collecting tu- ity involves phosphorylation processes. Proc Natl Acad Sci USA
bule. Am J Physiol 276:R616–R621, 1999 91:8077–8081, 1994
52. Cassola AC, Giebisch G, Wang W: Vasopressin increases density 77. Choe H, Zhou H, Palmer LG, Sackin H: A conserved cytoplasmic
of apical low-conductance K channels in rat CCD. Am J Physiol region of ROMK modulates pH sensitivity, conductance, and gat-
264:F502–F509, 1993 ing. Am J Physiol 273:F516–F529, 1997
53. Kubokawa M, Nakamura K, Hirano J: Regulation of inwardly 78. Fakler B, Schultz JH, Yang J, et al: Identification of a titratable
rectifying K channel in cultured opossum proximal tubule cells lysine residue that determines sensitivity of kidney potassium chan-
by protein phosphatases 1 and 2A. Jpn J Physiol 50:249–256, 1995 nels (ROMK) to intracellular pH. EMBO J 15:4093–4099, 1996
54. Kubokawa M, McNicholas CM, Higgins MA, et al: Regulation 79. McNicholas CM, MacGregor GG, Islas LD, et al: pH-dependent
of ATP-sensitive K channel by membrane-bound protein phos- modulation of the cloned renal K channel, ROMK. Am J Physiol
phatases in rat principal tubule cell. Am J Physiol 269:F355–F362, 275:F972–F981, 1998
1995 80. MacGregor GG, Xu J, McNicholas CM, et al: Partially active
55. Kubokawa M, Wang W, McNicholas CM, Giebisch G: Role of channels produced by PKA site mutation of the cloned renal K
Ca2/CaMK II in Ca2-induced K channel inhibition in rat CCD channel ROMK2. Am J Physiol 275:F415–F422, 1998
principal cell. Am J Physiol 268:F211–F219, 1995 81. Leipziger J, MacGregor GG, Cooper GJ, et al: PKA site mutations
56. Schlatter E, Haxelmans S, Hirsch J, Leipziger J: pH dependence of ROMK2 channels shift the pH-dependence to more alkaline
of K conductances of rat cortical collecting duct principal cells. values. Am J Physiol 279:F919–F926, 2000
Pflu¨gers Arch 428:631–640, 1994 82. McNicholas CM, Guggino WB, Schwiebert EM, et al: Sensitivity
57. Cha SH, Sekine T, Endou H: P2 purinoceptor localization along of a renal K channel (ROMK2) to the inhibitory sulfonylurea
rat nephron and evidence suggesting existence of subtypes P2Y1 compound glibenclamide is enhanced by coexpression with the
and P2Y2. Am J Physiol 274:F1006–F1014, 1998 ATP-binding cassette transporter cystic fibrosis transmembrane
58. Wang W, et al: Protein tyrosine kinase regulates the number of regulator. Proc Natl Acad Sci USA 93:8083–8088, 1996
renal secretory K channels. Am J Physiol 278:F165–F171, 2000 83. Wang W: Regulation of the ROMK channel: Interaction of the
59. Palmer LG: Potassium secretion and the regulation of distal neph- ROMK with associate proteins. Am J Physiol 277:F826–F831, 1999
ron K channels. Am J Physiol 277:F817–F825, 1999 84. Ruknudin A, Schulze DH, Sullivan SK, et al: Novel subunit
60. Palmer LG, Antonian L, Frindt G: Regulation of apical K and composition of a renal epithelial KATP channel. J Biol Chem 273:
Na channels and Na/K pumps in rat cortical collecting tubule by 14165–14171, 1998
dietary K. J Gen Physiol 104:693–710, 1994 85. Tanemoto M, Vanoye CG, Abe T, et al: A rat homolog of sulfonyl-
urea receptor 2B (SUR2B) determines the glibenclamide-sensitiv-61. Palmer LG, Frindt G: Regulation of apical K channels in rat
Giebisch: K channels 445
ity of ROMK2 in X. laevis oocyte. Am J Physiol 278:F659–F666, 90. Lesage F, Lazdunski M: Molecular and functional properties of
2000 two-pore-domain potassium channels. Am J Physiol 279:F793–
86. Ali S, Chen X, Lu M, et al: The A kinase anchoring protein is F801, 2000
required for mediating the effect of protein kinase A on ROMK1 91. Cluzeaud F, Reyes R, Escoubet B, et al: Expression of TWIK-1,
channels. Proc Natl Acad Sci USA 95:10274–10278, 1998 a novel weakly inward rectifying potassium channel in rat kidney.
87. Karolyil L, Konrad M, Kockerling A, et al: Mutations in the Am J Physiol 275:C1602–C1609, 1998
gene encoding the inwardly-rectifying renal potassium channel, 92. Orias M, Velazquez H, Tung F, et al: Cloning and localization
ROMK, cause the antenatal variant of Bartter syndrome: Evidence of a double-pore K channel, KCNK1: Exclusive expression in distalfor genetic heterogeneity. Hum Mol Genet 6:17–26, 1997
nephron segments. Am J Physiol 273:F663–F666, 199788. Simon DB, Karet FE, Rodriguez-Soriano J, et al: Genetic hetero-
93. Klaerke DA: Purification and characterization of epithelial Ca-geneity of Bartter’s syndrome revealed by mutations in the K
activated K channels. Kidney Int 48:1047–1050, 2000channel, ROMK. Nat Gen 14:152–156, 1996
94. Morita T, Hanaoka K, Morales MM, et al: Cloning and character-89. Desir GV: Molecular characterization of voltage and cyclic nucleo-
ization of maxi K channel-subunit in rabbit kidney. Am J Physioltide-gated potassium channels in kidney. Kidney Int 48:1031–1035,
1995 273:F615–F624, 1997
